Neuronal apoptosis occurs in the diabetic brain due to insulin deficiency or insulin resistance, both of which reduce the expression of stem cell factor (SCF). We investigated the possible involvement of the activation of the MAPK/ERK and/or AKT pathways in neuroprotection by SCF in diabetes. Male C57/B6 mice (20-25 g) were randomly divided into four groups of 10 animals each. The morphology of the diabetic brain in mice treated or not with insulin or SCF was evaluated by H&E staining and TUNEL. SCF, ERK1/2 and AKT were measured by Western blotting. In diabetic mice treated with insulin or SCF, there was fewer structural change and apoptosis in the cortex compared to untreated mice. The apoptosis rate of the normal group, the diabetic group receiving vehicle, the diabetic group treated with insulin, and the diabetic group treated with SCF was 0.54 ± 0.077%, 2.83 ± 0.156%, 1.86 ± 0.094%, and 1.78 ± 0.095% (mean ± SEM), respectively. SCF expression was lower in the diabetic cortex than in the normal cortex; however, insulin increased the expression of SCF in the diabetic cortex. Furthermore, expression of phosphorylated ERK1/2 and AKT was decreased in the diabetic cortex compared to the normal cortex. However, insulin or SCF could activate the phosphorylation of ERK1/2 and AKT in the diabetic cortex. The results suggest that SCF may protect the brain from apoptosis in diabetes and that the mechanism of this protection may, at least in part, involve activation of the ERK1/2 and AKT pathways. These results provide insight into the mechanisms by which SCF and insulin exert their neuroprotective effects in the diabetic brain.
Although structural abnormalities in neural tissue such as synaptic and neuronal degeneration and neuronal apoptosis have been demonstrated in type 1 and type 2 diabetic rodents (1-3), very little is known about the mechanisms leading to these defects. Many researchers have suggested that neuronal apoptosis in diabetes is related to hyperglycemia (4) , and insulin, proinsulin C peptide and insulin-like growth factor (IGF) have anti-apoptotic effects (5, 6) . Furthermore, insulin or insulin-like growth factor-1 (IGF-1) induced the expression of stem cell factor (SCF) and a lower expression of SCF was observed in the mouse gut during diabetic gastroparesis (7, 8) . SCF, also termed Kit ligand, steel factor, mast cell growth factor, or c-kit ligand, is a receptor of tyrosine kinase. Both SCF and Kit support neuronal survival and function and influence cell differentiation, migration, and proliferation possibly by mutual interaction (9, 10) . Knockdown of SCF results in abnormalities in learning and memory in mice (11, 12) . SCF is a cytokine highly expressed in the central nervous system and protects neurons from apoptosis (13, 14) . SCF-mediated signal transduction may involve many signaling pathways. The cytoprotection induced by SCF is associated with activation of the AKT and/or MAPK signaling pathways (14, 15) . In the present study, we tested the hypothesis that SCF protects neurons from apoptosis in diabetes via a mechanism that partially involves the AKT and ERK pathways.
Material and Methods

Animal model
The animal study was conducted in accordance with National Regulations of Experimental Animal Administration. All experimental animal protocols were approved by the Committee of Experimental Animal Administration of Nanjing Medical University. Diabetes was induced in male C57/B6 mice (20-25 g ) with a single intraperitoneal injection of streptozotocin (100 mg/kg in 0.1 M citrate buffer, pH 4.4; Sigma, USA); 72 h later the plasma glucose level of the mice (diabetes type I model) was above 300 mg/ dL (OneTouch ® Ultra Blood Glucose Monitoring System, Johnson, USA) (16) . Plasma glucose was evaluated weekly for 4 weeks (see plasma glucose level in Figure 1 ). Control mice received an equal volume of citrate buffer. Mice were randomly divided into four groups of 10 animals each, i.e., normal control (CON), diabetic receiving vehicle (DM), diabetic treated with insulin (DM + INS: 40 U·kg -1 ·day -1 ; Wanbang Bio-pharm, China), and diabetic treated with SCF (DM + SCF: 0.1 mg·kg -1 ·48 h -1 ; BD, USA). Four weeks later seven brains from each group were rapidly removed and the cerebral cortices and hippocampi were isolated. Three brains from each group were transcardially perfused with cold 0.1 M phosphate buffer, pH 7.4, followed by 4.0% paraformaldehyde. The samples were stored at -80°C for later experiments.
HE staining and TUNEL assay
Brain sections were stained with hematoxylin and eosin for histological assay. Cell damage was also assessed by TUNEL (Boster, Wuhan, China), which was performed as previously described (17) . Briefly, 20-µm brain sections were incubated with TdT labeling buffer containing dUTP mix, Mn 2+ and TdT enzyme for 60 min at 37°C to incorporate biotinylated nucleotides at the sites of DNA breaks. Sections were also incubated with diluted extraavidin-peroxidase link for 30 min at 37°C, followed by the addition of DAB (diaminobenzidine tetrahydrochloride) at room temperature to develop a brown color. They were counterstained with modified Harris' hematoxylin, changing to blue with TBS and observed microscopically. The number of cells exhibiting a positive TUNEL signal was quantified with the Soft Imaging System (Image Pro Plus 5.02, Media Cybernetics, Inc., USA).
Western blotting
Total protein and protein expression by the cortex was assayed as described previously (17) . Membranes were probed with primary antibodies against SCF (1:500, BD), c-kit (1:500, Santa Cruz Biotechnology, USA), phosphorated ERK1/2, AKT (cell signaling, 1:1000), total ERK1/2, AKT or GAPDH (cell signaling, 1:1000). Proteins were detected using horseradish peroxidase-conjugated anti-goat or antirabbit secondary antibodies and visualized by chemiluminescence using an ECL kit (Amersham Pharmacia Biotech, USA) and exposure to film. The intensity of the blots was quantified by densitometry (AlphaEaseFC, Alpha Innotech Corporation, USA). GAPDH, total ERK or total AKT were used as loading controls.
Statistical analysis
Data are reported as means ± SEM. One-way ANOVA followed by multiple comparisons was used for statistical comparisons. In all statistical procedures, a probability value of P < 0.05 was used as a cutoff for statistical significance.
Results and Discussion
Cortical apoptosis appeared in the diabetic mice
Model type 1 diabetic mice (blood glucose level 300-450 mg/dL) were prepared using streptozotocin. To confirm previous studies, pathology and cell apoptosis were determined in the diabetic brains. Histological results confirmed strong staining of the nuclei, an intensely eosinophilic cytoplasm and widening of Virchow-Robin spaces. Along with these changes, neuronal apoptosis occurred in the same areas ( Figure 2B,C) . CON, DM + SCF or INS animals showed few pathological changes of this kind (Figure 2A) . The pathological injuries in the cortex of diabetic mice, including structural changes and apoptosis, were fewer in animals pretreated with insulin or SCF. However, in contrast to previous studies, the hippocampus did not show structural changes or apoptosis ( Figure 3A,B) . In other words, there is a diabetes-related programmed neuronal cell death in the hippocampus, which results in neuronal loss in type 1 diabetes (18, 19) . Different results might be obtained using different models or at different times after experimental hyperglycemia. To test this model, we used a lower dose of streptozotocin and performed the experiment by the 4th week. The observed difference in structure changes may have been related to milder diabetic damage.
SCF protects against apoptosis in the diabetic brain
There is evidence that SCF expression levels can influence neuronal apoptosis in the diabetic brain. It is well known that diabetes results from insulin deficiency or variable degrees of insulin resistance. However, insulin or IGF-1 is a critical factor for inducing SCF expression and maintaining SCF signaling (7, 8) . Reduced SCF resulted in smooth muscle myopathy and loss of interstitial cells of Cajal in murine diabetic gastroparesis (8) . SCF and its receptor (c-kit) are expressed throughout the adult nervous system. SCF includes both membrane-bound SCF (M-SCF) and soluble SCF (S-SCF), the latter consisting of cleaved soluble forms of SCF (9, 10) . The present study showed that the levels of both M-SCF and S-SCF in the diabetic cortex were lower than that in the normal cortex ( Figure  4 ) and that insulin can increase both M-SCF and S-SCF in the diabetic brain. Further study revealed that cortical apoptosis appeared in the diabetic mice and that SCF could attenuate it (Figure 2) .
In an increasing number of studies, it has been shown that neuronal expression of SCF is induced in various forms of brain injury and that SCF expression after brain injury is correlated with neurogenesis and the mechanism of brain repair (14, (20) (21) (22) . SCF protects against camptothecin and glutamate-induced neuronal cell death (13, 14) . SCF and Kit are responsible for the survival of a variety of cells including neuronal cells and hematopoietic lineages (23) . Targeted disruption of the kit gene leads to marked defects in learning and memory (12) , also a key manifestation of diabetic encephalopathy. In the present study, no abnormal expression of c-kit was found in the diabetic brain. Kit alteration may possibly follow alterations in SCF. Our model using milder diabetic damage suggests that pathological injury in the diabetic brain may first occur in the cortex and only later extend to the hippocampus. Our model further suggests that SCF/c-kit expression may be used to evaluate the severity of diabetic encephalopathy.
Neuroprotection in diabetes by SCF via activation of AKT/ERK
To further investigate which signaling pathway is involved in neuroprotection by SCF in diabetes, diabetic mice were pretreated with insulin, SCF or vehicle and the subsequent activation of MAPK/ERK1/2 and AKT in the cortex was determined by Western blotting, as described in Figure 5 . The results indicated that there was less activation of ERK1/2 and AKT in the cortex of the diabetic brain than in the normal cortex. However, the addition of SCF or insulin to this model effectively activated MAPK and AKT. Both the MAPK/ERK and PI-3K/Akt signaling pathways are essential in the prevention of neuronal apoptosis and are also implicated in the protection of the brain from ischemic stroke and Alzheimer's disease (14, 17) . SCF also suppressed camptothecin and glutamate-induced neuronal apoptosis via MAPK/ERK and PI-3K/Akt activation. SCF-mediated signal transduction may involve a different cell signaling pathway (14) . Interestingly, SCF-mediated cytoprotection in non-central nervous system cell types is also linked to activation of the AKT and/or the MAPK signaling pathways (24, 25) , suggesting that a similar mechanism of action of SCF/c-kit may be involved in neuroprotection and in the protection of other cell types.
Cortical neuronal apoptosis appeared in the diabetic brain due to reduced SCF expression and this apoptosis could be inhibited by SCF. The mechanism by which this occurred may be correlated to the activation of the ERK and AKT pathways. Accordingly, SCF may hold promise for development as a neuroprotectant for treating diabetesrelated brain injury. 
